For several years now, during high-intensity proton operation, we have injected protons into AGS at a kinetic energy of 1.94 GeV, and have found that the AGS injection kicker does not have enough strength to kick the incoming beam onto the equilibrium orbit. This has led us to wonder how much the kicker is actually kicking the beam. A simple "back-of-the-envelope" calculation of the kicker's magnetic field gives a "reasonable" estimate of the strength, but no determination based upon measurements of the beam response to the kicker has ever been made. The FY2002 Polarized Proton and Proton SEB runs allowed for several opportunities to make the measurements.
The experimental method consisted of measuring the turn-by-turn positions of the injected beam at a given PUE (Pick-Up Electrode) for various settings of the kicker current. These data then can be used to obtain the angle (with respect to the equilibrium orbit) of the injected beam just downstream of the kicker. Fitting a line to a plot of the angle versus current then gives the kick angle per unit current. Since variation of the kicker current from its nominal setpoint interrupts the physics program and can produce enough loss at high intensity to inhibit the beam, the low intensity (some 1.7 × 10 11 protons per pulse at injection) polarized proton setup and the available study time during RHIC stores provided an excellent opportunity to acquire the turn-by-turn data. During the SEB running period, "pulse stealing" was used to acquire data at reduced intensity. In all, four sets of data were taken, two with the polarized proton setup and two with the proton SEB setup.
We report here on the data acquired, its analysis, and the resulting determination of the kicker strength. Theoretical calculations of the kicker strength are reviewed and compared with the experimental determination.
The results of careful measurements of the kicker current also are given.
Theoretical Calculation of Kicker Strength
The AGS injection kicker is located in the A5 straight section and consists of three identical window frame ferrite magnets each 10 inches in length and spaced 2.5 inches apart. The mechanical aspects of the magnet design are documented in drawings D36-M-1185-2, D36-M-1186-2, D36-M-1187-2, D11-M-11976, D11-M-11977, D11-M-11985, D11-M-11986, and D11-M-11987-3. Excitation of the magnets is provided by a pulse forming network which is described in [1] .
1.1 "Back-of-the-Envelope" Calculation Figure 1 shows the magnet cross section. With current I flowing out of the conductor on the right and into the conductor on the left, the magnetic field B in the gap points down as indicated. Applying Ampère's law [2] one has
where the line integral on the left is taken around the blue loop. Here G = 57.15 mm (2.25 inches) is the gap height, µ is the magnetic permeability in the ferrite, and µ 0 = 4π × 10 −7 Tm/A. The integral around the loop is the sum of the integral across the gap and the integral through the ferrite. We assume that µ is so much larger than µ 0 that the integral through the ferrite can be neglected. We then have
We assume further that B is independent of the position along the blue path in the gap. Then we have
and the field per unit current is
The effective length l of each magnet is taken to be the length of the ferrite plus one gap length. This gives l = 311.15 mm. The effective length of the entire kicker is then L = 3l = 933.45 mm, and the integrated strength per unit current is
Opera Code Calculation
An Opera Code calculation of the field has been carried out by Nick Tsoupas. This is a three-dimensional calculation which requires the details of the arrangement of ferrite and conductors in the magnets and at the magnet ends. These were obtained from the mechanical drawings and entered into the code. The calculation gives
and
where B is the field in the center of the kicker, BL is the integrated strength, and I is the current. The effective length is then L = 861 mm.
Comparing with the results of the back-of-the-envelope calculation, we see that the value of B/I obtained by the Opera Code is 1% lower and the value of BL/I is 10% lower.
Theoretical Kick Angle
The angular kick delivered by the kicker is
and the kick per unit current is
where Bρ is the magnetic rigidity. Using the value of BL/I obtained by the Opera Code, we obtain the values of D listed in Table 1 for protons with various kinetic energies K, momenta cp, and rigidities Bρ.
Here the unit "mr/kA" is milliradians per kiloampère. The nominal kinetic energy at AGS injection for polarized proton operation is 1.5 GeV; for high-intensity proton SEB it is 1.94 GeV. 
Kicker Current Measurement
An accurate determination of the kicker strength per unit current requires an accurate measurement of the currents delivered to the three magnets of the kicker. These are measured with three current transformers, one for each magnet. The current transformers are located in the AGS L18A house and each gives an output of 1 V per 20 A of current when connected to an oscilliscope with 50 Ω termination. A buffered sum of the outputs is available in the MCR at console 4. This is called the "A5 Current" signal. The top half of Figure 2 shows the oscilliscope trace of this signal with 50 Ω termination at the scope input. The bottom half shows the corresponding traces of the outputs from the three current transformers. These were obtained by D. Warburton in the L18A house with 50 Ω termination at the scope inputs. Examination of the figure shows that the average amplitude of the current transformer traces is 57.9 V which gives a current of 1158 A. The corresponding amplitude of the "A5 Current" signal is 2.24 V. Thus, if we let V be the voltage of the "A5 Current" signal, then the kicker current in ampères is
For the case in which the "A5 Current" signal is not terminated, we find
3 Turn-by-Turn Data and Analysis
Data were taken on 16 and 21 January, 28 March, and 4 April, 2002. We shall refer to these as data sets 1, 2, 3 and 4 respectively. For each data set, a single bunch was injected onto the AGS injection porch and allowed to pass turn-by-turn through the PUE in the G14 straight section. This was done for several different settings of the kicker current. The turn-by-turn signals from the "inside" and "outside" plates of the PUE were captured on a digital ocsilliscope with the scope configured to take the sum and difference of the signals. The digitized "sum" and "differernce" signals were then analyzed by the PIP [3] program. Data sets 1 and 2 were taken during the polarized proton run with "high" gain amplifiers connected to the plates of the G14 PUE; sets 3 and 4 were taken during the proton SEB run with "low" gain amplifiers connected to the plates. The nominal kinetic energy of protons injected into AGS was 1.5 GeV for the polarized proton setup and 1.94 GeV for the SEB setup. Figure 3 shows a typical sum signal captured for the first 16 turns of the injected beam during the polarized proton run. Here the narrow peaks correspond to the turn-by-turn passage of a single bunch through the PUE. The narrowness of the peaks presented some difficulty for the original PIP algorithm which until now has dealt only with peaks whose width is approximately half the revolution period. The algorithm was modified so that it can cope with both narrow and broad peaks. Figure 4 shows a magnified view of the first two peaks in the sum signal and illustrates how the algorithm calculates the average amplitude of each peak. Here the points indicated by the red and blue circles are located by the algorithm and the area under each peak between the red and blue points is calculated. The baseline for this integration is taken to be the average of the signal at the red and blue points. The average amplitude of the peak is then the value of the integral divided by the integration interval. Figure 5 shows the corresponding red and blue circles for the first two peaks in the difference signal. These mark the points that occur at the same times as the circled points of the sum signal. The area under each peak is again calculated with the baseline for the integration taken to be the average of the signal at the red and blue points. The average amplitude of the peak is then again the value of the integral divided by the integration interval.
Sum and Difference Amplitudes

Turn-by-Turn Position at the PUE
If we let "Sum" and "Diff" denote the turn-by-turn amplitudes obtained in this way, then the position of the beam on each passage through the PUE is just
where G is a constant that depends on the geometry of the PUE. Careful measurements by Ahrens [4] give G = 40 mm. Figure 6 
Initial Position and Angle at the Kicker
Among the fitted parameters obtained by the PIP program are the tune Q, the amplitude A, and the phase φ of the turn-by-turn oscillations at the PUE. From the amplitude and phase one obtains the initial position and angle of the injected beam (with respect to the equilibrium orbit) at the PUE. These are
where α P and β P are the Courant-Snyder parameters at the PUE. The initial position and angle, X K and X K , of the beam just after the kicker are then given by
where
Here α K and β K are the Courant-Snyder parameters at the Kicker, and ψ is the betatron phase advance from kicker to PUE. (The kicker is taken to be a thin dipole located at the center of the A5 straight.) The Courant-Snyder parameters are obtained from the MAD model of the AGS lattice and the phase advance is given by scaling the model phase advance according to the measured tune Q.
Using (13), (14), and (16-19) in (15) we find
which give X K and X K in terms of the fitted parameters A and φ, the Courant-Snyder parameters α K , β K , and β P , and the betatron phase advance ψ.
Courant-Snyder Invariant
The Courant-Snyder invariant is
We then have
and using (13) and (14) we find
which gives W in terms of the fitted parameter A and the Courant-Snyder parameter β P . Since W is invariant, we also have
Thus
and therefore
For the special case in which X K = 0, this reduces to
and we see that the magnitude of X K is then completely determined by A, β K and β P .
Determination of Kicker Strength
The parameters A, W , X K and X K obtained from the PIP analysis of data sets 1, 2, 3 and 4 are listed in Tables 3, 4 , 5, and 6 respectively. Here W , X K , and X K have been calculated according to equations (26), (20), and (21). The kicker currents I have been obtained from (10) and (11) using the measured amplitudes V of the "A5 Current" signal. Note that in each table, W is very small for some settings of the kicker current. Equation (29) then implies that X K also must be very small. Since X K does not change as the kicker current is varied, it then must be small for all entries in the tables (and indeed it is). (We are assuming here that position and angle of the incoming beam upstream of the kicker do not change.) Thus, to a good approximation X K = 0 and therefore, according to equation (31),
This result can be used to check the values of X K obtained using equation (21). Using the values β K = 22.066 and β P = 15.768 obtained from the MAD model of the AGS lattice we obtain the values of A/ √ β P β K listed in the last column of the tables. These are in good agreement with the listed values of X K . This shows that the phase advance ψ used in (20) and (21) is correct, and in fact must be such that sin 2 (ψ − φ) ≈ 1.
Figures 9, 10, 11, and 12 are plots of the angles X K versus current I obtained from Tables 3, 4 , 5, and 6 respectively. Fitting the expression
to the data we obtain the red and blue lines shown in the figures. The red lines are the result of fitting to all of the data points; the blue lines are the result of fitting only to points with currents greater than 900 A. The slope D of each line is the angular kick delivered by the kicker per unit current. The intercept C is the angle X K at zero current. The fitted values of C and D are listed in Table 2 Given the good agreement between blue line slopes and the theoretical values of D, we take the kicker integrated strength per unit current to be that given by the Opera Code calculation, 
